In bacteria, the restart of stalled DNA replication forks requires the PriA DNA helicase. PriA recognizes and remodels abandoned DNA replication forks performing the DNA unwinding in
3' to 5'-direction and facilitates loading of the DnaB helicase onto the DNA to restart replication. The single stranded DNA binding protein (SSB) is typically present at the abandoned forks, but there is gap in the knowledge on the interaction between SSB and PriA protein. Here, we used atomic force microscopy (AFM) to visualize the interaction of PriA with DNA substrates in the absence or presence of SSB. Results show that in the absence of SSB, PriA binds preferentially to a fork substrate with a gap in the leading strand. Preferential binding occurs only on forked DNA structures as 5'-and 3'-tailed duplexes were bound equally well. Furthermore, in the absence of SSB, PriA bound exclusively to the fork regions of substrates. In contrast, fork bound SSB loads PriA onto the duplex DNA arms of forks. When the fork has a gap in the leading strand, PriA localizes to both the parental and lagging strand arms. When the gap is present in the lagging strand, PriA is loaded preferentially onto the leading strand arm of the fork. Remodeling of PriA requires a functional Cterminal domain of SSB.
A stable DNA replication system is essential for cell viability because DNA replication frequently encounters damages or replication blocks that need to be repaired or removed as soon as possible (1) (2) (3) (4) (5) . In bacteria, the restart of the replication machinery is mediated by a series of enzymes including the PriA helicase (6, 7) . It is known that PriA is required for replication restart and that the helicase activity is not required for restart (8) . The strong dependence on PriA indicates that a replisome needs to be reassembled at the inactivated forks by a mechanism that can be distinguished from the original initiation by DnaA at oriC (9) .
PriA is a primosome assembly protein with 3' to 5' DNA helicase activity which was discovered because of its requirement for the synthesis of the complementary strand of bacteriophage φX174 single-stranded DNA in vitro (10) (11) (12) (13) . PriA has a two-domain architecture: an Nterminal DNA binding domain (DBD) and a Cterminal helicase domain (HD) (14) (15) (16) (17) (18) . The cooperation among each domain preserves the recognition and binding activity of PriA to various DNA constructs as well as the interaction with other proteins (6, 19, 20) .
In addition to structure-specific DNA binding, PriA interacts with the single-stranded DNA binding protein (21) (22) (23) . The single-stranded DNA binding protein (SSB), an essential protein in E. coli, binds to and hereby stabilizes the ssDNA that occurs in DNA replication, recombination and repair (24, 25) . PriA recognizes abandoned DNA replication forks with either duplex DNA or SSBcoated ssDNA and processes these to expose ssDNA as a binding site for primosome components (PriB and DnaT), followed by the reloading of the replicative helicase DnaB (20, 26) . It was also shown that the PriA helicase activity could be stimulated by binding of SSB onto the initial DNA substrate (14, 21) . Recent work has shown that the SSB-interaction with PriA involves the oligosaccharide-oligonucleotide binding fold (OB-fold) within the N-terminal domain of the helicase and the linker domain of SSB (27) . The mechanism of binding is identical to that between the RecG OB-fold and the linker domain of SSB (28-30).
To understand how PriA interacts with forks and how binding might be influenced by SSB, we used atomic force microscopy (AFM). The experiments were performed in the absence of ATP in order to separate the PriA-DNA binding properties of the protein from its helicase activity. AFM studies revealed the role of the fork type on the efficiency of PriA binding. Furthermore, SSB protein interacts with PriA changing the protein conformation allowing for binding of PriA to the DNA duplex. Experiments with SSB mutant revealed the role of C-terminal segment in this remodeling activity of SSB. These findings are consistent with the ability of SSB protein to remodel RecG that we discovered and described previously (31, 32) .
Results:
Binding preference of PriA to various DNA constructs DNA constructs. Fig. 1 shows a set of four DNA constructs used in this work. Constructs T3 and T5 are DNA duplexes with ssDNA tails, with different polarities on different constructs. The use of these two substrates will allow us to elucidate the effect of ssDNA polarity in the assembly of complexes with PriA. The T3 DNA substrate consists of a 244 bp duplex region and a 3'-end 69nucleotide single-stranded region. The T5 DNA substrate has a 5'-ssDNA region of the same length, but the duplex size is 376 bp. The fork substrates F3 and F5 also differ in the polarity of 69-nt ssDNA. The interaction of PriA with these substrates will allow us to evaluate the role of fork orientation at the junction on the assembled complexes with PriA. F3 construct has a 673-bp duplex region, with a gap in the nascent leading strand. The duplex length of F5 is 675 bp, with a gap in the nascent lagging strand. These forks contained a 69 nt ssDNA arm asymmetrically placed within the DNA duplex region. Consequently, for F3, the DNA duplex regions are a 280 bp parental-strand duplex and a 393 bp lagging-strand duplex. While in F5, the parental-strand duplex has 416 bp residues and the other duplex region is a 260 bp leading-strand duplex. Assembly of each DNA substrate was verified by contour length measurements ( Fig. S1 ).
Interactions of SSB protein with the DNA substrates. To characterize the substrates and evaluate the accessibility of ssDNA, SSB protein was separately bound to each of the substrates. AFM images are shown in Fig. S2A and S2B, which demonstrate that SSB binds to only one of the two ends on tail DNA substrates. On fork DNA substrates, the position of SSB was measured from the end of the shorter arm towards the center of the blob in each DNA-SSB complex (Fig. S2E ). The data shown as histograms in this figure were approximated by single-peak Gaussians. The peak values, 276 ± 14 bp (SD) on F3 DNA and 260 ± 16 bp on F5 DNA, correspond to the fork position which are 280 bp and 260 bp for F3 and F5 constructs, respectively. Therefore, and as expected, SSB binds only to the ssDNA regions of each substrate.
PriA binding to the tailed DNA substrates. When mixed with T3 and T5 DNA substrates, PriA binds to only one end of the tail DNA substrates regardless of the large excess of the protein (8:1 PriA-to-DNA molar ratio; Fig. 2A and 2B, largescale images shown in Fig. S3A and S3B). Analysis of over 500 PriA-DNA complexes demonstrated that in <0.5% PriA was observed bound to the both the ssDNA tail and the blunt end. This suggests that PriA binds poorly to either blunt ends or dsDNA. Furthermore, the binding yield of PriA on tail DNA substrates, collected from three independent experiments, was 9.2 ± 0.3% on T3 DNA and 7.9 ± 0.7% on T5 DNA, pointing to a minor preference for PriA binding to the substrate with 3'-ssDNA tail.
PriA binding to the fork DNA substrates.
To assess the interactions of PriA with fork DNA substrates, PriA was separately bound to F3 and F5 fork DNAs and imaged ( Fig. 2C and D) . The results show that protein was bound exclusively to a site embedded within the duplex region. To determine if the binding site corresponds to the position of the fork, we measured the position of PriA in each complex, from the end of the shorter arm toward the center of the blob (protein). The histograms, shown in Fig. 2E and 2F, were fitted by single-peak Gaussians with bin size of 20 bp. The centered peak of histogram for PriA position on F3 was found to be 295 ± 20 bp (S.D.). For F5-PriA complexes, the peak was centered at 254 ± 23 bp (S.D.). These peak values match the designed fork position, which support our previous assumption that the fork provides the recognition and binding site for PriA to load onto DNA replication forks.
The yields of complexes for both substrates were measured, and the data revealed different results compared with tailed DNA substrates. The yield of PriA on F3 DNA was 13.0 ± 1.2% while it was 8.2 ± 1.3% on F5 DNA based on the results of three independent experiments. As the polarity of ssDNA tail does not play an essential role in the binding preference for PriA, the difference between F3 and F5 DNA suggests that other structural features of the fork substrates must be involved.
Interactions between the SSB protein and PriA on fork DNA substrates
Studies show that SSB binds to the RecG and PriA helicases both in vivo and in vitro (21) (22) (23) . Previously, we demonstrated that SSB remodeled RecG during DNA loading (31, 32) . To determine if SSB modulates PriA loading, a similar analysis was performed. Here, PriA was preincubated with SSB at a 2:1 molar ratio for 10 minutes on ice. The mixture was added to fork DNA substrates in the molar ratio of 2:1 (complex: DNA substrate), allowed to bind for 10 minutes at room temperature and imaged.
SSB loading PriA onto duplex regions of fork DNA substrates. The resulting images show that for both F3 and F5, double-blob complexes were observed ( Fig. 3A and B ). The double-blobs correspond to PriA and SSB bound to the same DNA molecule, with the larger blob being SSB and the smaller, PriA, as explained below. Furthermore, in some complexes, the two blobs are located far from each other, while in others, the two blobs colocalize on the DNA (Fig. 3 , enlarged images). These data suggest that interaction of PriA with SSB leads to the change PriA conformation allowing for the protein to bind to DNA duplex. We termed this property of SSB remodeling, which was initially identified for SSB mediated loading of RecG protein on the DNA fork.
To determine the identity of each blob, PriA and SSB were bound to each DNA substrate separately, imaged, and blob sizes measured. As measured, SSB volume is between 159 ± 29 and 168 ± 27 nm 3 (Fig. S2 ). In contrast, the volume values for PriA range from 113 ± 23 to 116 ± 29 nm 3 (Fig. S3 ). Therefore, and as observed previously for RecG, the large blobs correspond to SSB and the smaller ones to the DNA helicase. Using this information, the position of binding of SSB and of PriA could be determined using the same measurement approach used for PriA only. The results show that for forks F3 and F5, SSB is bound at the fork ( Fig. 3C ad D) . The distribution of SSB positions is narrow and the Gaussian maximum (F3: 256 ± 14 bp and F5: 252 ± 14 bp) correlates with specific binding of SSB to the ssDNA region at the fork.
To ascertain PriA binding positions on both flanks of the fork substrates, the locations of the smaller blobs were mapped relative to that of SSB. The results show that in contrast to PriA alone, SSB enables loading of PriA onto the duplex regions flanking the fork as well as at the fork ( Fig. 3E and 3F). A summary of positions is presented in Fig. 4 . Here, SSB position (green squares) is set to zero, marking the fork. For fork F3, PriA (red dots) is observed bound to the negative interval corresponding to the parental duplex arm, and positive values indicate PriA positioning on the lagging strand. The occurrence of PriA positioning was found to be 28, 32 and 40%, corresponding to parental arm, lagging strand, or co-localizing with SSB at the fork, respectively. Therefore, in the presence of SSB, PriA is loaded preferentially at the fork, and while it is loaded onto the duplex regions as well, there is no clear preference for one region over the other. In contrast, for fork F5, the occurrence of PriA positioning was found to be 24, 48 and 28%, corresponding to parental, leading strand, or co-localizing with SSB, respectively. Therefore, when the fork has a gap in the nascent lagging strand, PriA is preferentially loaded onto the leading strand of the fork.
SSB-PriA assembly at the fork. At the fork position, in addition to the colocalized two-blob complexes, single-blob complexes were also observed but the sizes of these single blobs varied. The single blob could be PriA or SSB only, or SSB-PriA complexes, which are of larger sizes. Volume analysis by cross-section was performed to identify the possible component of each single-blob complex. The volume distribution fitted with multipeak Gaussian for single-blob complexes in F3 DNA sample is shown in Fig. 5A . Peak 1 is centered at 137 ± 37 nm 3 , which is close to bound SSB volume on F3 DNA (Xc = 159 ± 29 nm 3 in Fig.  S2H ). Peak 2 is approximated at 244 ± 28 nm 3 , corresponding to the complexes of PriA (free protein volume 58 ± 12 nm 3 , shown in Fig. S5A ) and SSB (SSB volume bound to DNA is 159 ± 29 nm 3 ). The population of those large blobs is ~24% approximated by the area under Gaussian.
Similar analysis was done for F5 substrates with data shown in Fig. 5B . The volume distribution was fitted with single-peak Gaussian with a centered peak at 170 ± 45 nm 3 . This peak value shows minor difference from the volume of bound SSB on F5 (168 ± 27 nm 3 , shown in Fig. S2I ), which indicates that the interaction of SSB and PriA at the fork region of F5 is subtle.
The role of the C-terminal domain of SSB in PriA loading
It is known that the C-terminal domain of SSB is required for partner binding (21, 28) . To determine whether the C-terminal domain of SSB is required for PriA loading, we used the SSB∆C8 protein which has the acidic tip removed. First, the binding of the SSB mutant to forks F3 and F5 was assessed. Results show that yield of SSB∆C8 binding onto each DNA substrate was 83.7% for F3 DNA and 81.8% for F5 DNA (Fig. S4 ). This is within experimental error, the same as that observed for wild type. Thus, as observed previously, ssDNA binding for this mutant is unaffected (27, 33, 34) .
In mixing experiments, PriA and SSB∆C8 were mixed as for wild type, bound to the DNA and imaged. The yield of double-blob complexes formed on F3 and F5 was reduced to less than 5%, which is lower than that of WT SSB and PriA (table  1) . Furthermore, analysis of the sizes of the single blob complexes revealed that these contained SSB∆C8 only as the sizes 97 ± 26 and 111 ± 31 nm³ on F3 and F5, respectively ( Fig. 6 ). Collectively these results show that SSB∆C8 does not facilitate loading of PriA onto the DNA.
We also characterized the role of Cterminus on interaction of SSB and PriA in the absence of DNA. The analysis was made for free proteins present in the same samples on the protein-DNA sample characterized above. Size analysis for free proteins in the sample of fork DNA substrates mixed with SSB∆C8 mutant and PriA is shown in Fig. 6E . The volume distribution was fitted by Gaussian with a single peak centered at 49 ± 17 nm 3 , which is different from multi-peak distribution of free proteins in samples of fork DNA substrates with WT SSB and PriA mixture. Thus, SSB and PriA interaction was observed in the absence of DNA by size analysis, while the difference between results of PriA with WT SSB and SSB∆C8 mutant further emphasizes the role of SSB C-terminus in the interactions with its partner protein. Thus, Cterminus of SSB is needed for SSB-PriA interaction.
Interaction between SSB and PriA in the absence of DNA
To characterize the assembly of SSB-PriA complexes in the absence of DNA, we also analyzed sizes of free proteins in the samples of fork DNA substrates mixed with SSB and PriA. The volume distribution is shown in Fig. 5C . The histogram shows three peaks based on multi-peak Gaussian fitting, which are 59 ± 12 nm 3 , 103 ± 22 nm 3 and 233 ± 20 nm 3 . Peak 1 matches the volume of free PriA (58 ± 12 nm 3 ), shown in Fig. S5A . Peak 2 is close to the volume of free SSB (91 ± 21 nm 3 in Fig. S5B ). Peak 3 could be assigned to the SSB-PriA complex even though the measured volume of each protein was smaller than half of the 3 rd peak value. Because neither tetrameric SSB nor monomeric PriA aggregates with themselves, based on the narrow single-peak distribution of each volume measurement in our control experiments (shown in Fig. S5A and B ). Note that Peak 3 is with a smallest probability, which is 12.6% evaluated by the area under Gaussian. While the probabilities of the other two are 59.9% for Peak 1 and 27.5% for Peak 2. Therefore, though the population of the SSB-PriA complexes is low, the interaction between SSB and PriA in the absence of DNA also exists.
Discussion:
The major function of PriA, a DNA helicase, is to restart the replication process by facilitating the loading of DNA polymerase onto the stalled replication fork. Once bound, PriA exposes ssDNA for the replicative DNA helicase DnaB by unwinding the lagging strand or by remodeling SSB-coated ssDNA (20, 35) . This priming process requires the binding of PriA to various DNA structures (6) , which was the focus of this paper, as it remains unclear how PriA differentiates among various DNA structures and then plays the role that is needed for the restart of stalled replication fork is still not well studied. To uncouple the DNA binding property of PriA from its helicase activity we performed studies in the absence of ATP. The major findings are discussed below.
The effects of ssDNA polarity and the fork structure on the interaction between PriA and DNA On the fork DNA substrates, PriA binds to both substrates at the fork position, with a preference to the fork DNA substrate with a gap in the nascent leading strand (F3), which is an unexpected finding. According to other publications (17, 20, 35, 36) , PriA should bind preferentially to fork F5 (has a gap in the nascent lagging strand), since F5 has a 3'-OH group at the fork position as the recognition site for the 3' binding domain in PriA, while F3 does not. Our finding on PriA's preference for binding suggests the participation of the other domains in PriA-DNA binding, and is in line with the previous finding that PriA binds to the arrested replication fork in a manner independent on 3'-terminus as well (17) . In addition to the independence of polarity, the bend at the fork position may play an important role in PriA binding activity as well, as demonstrated in refs. (14, 37) . This emphasizes the essential role of the fork structure and the presence of a nascent lagging strand in the binding of PriA onto stalled replication fork.
Our model on the role of other PriA domains in assembly of the complexes with the replication fork is supported by the findings that PriA does not show binding preference to the ssDNA of tail DNA substrates ( Fig. 2A, B ; Table  1 ). P Nurse et al. (37) demonstrated that PriA bound with high affinity to duplexes with 3'-tails, whereas it did not bind to duplexes with 5'-tails at all, however, they detected stable binding of the 3'extension when the ssDNA tail exceeded 12 nt and high affinity binding resulted when the tails were in excess of 16 nt in length. In our studies the size of ssDNA region is 69 nt. The excess of ssDNA region might also involve in binding activity of multidomain and then stabilize the interaction between PriA and DNA substrates. Note as well that PriA has over 100-time higher binding yield with the ssDNA region compared to the blunt end on the tail DNA substrates. This property also contributes to the high efficiency of targeting at the stalled replication fork where the restart is needed.
Remodeling of PriA by SSB on fork DNA substrates
Although interactions between SSB protein and PriA has already been characterized (14, 21, 22, 38, 39) , our results reveled a novel role of SSB in interaction of PriA with fork DNA substrates. Shown in Fig. 3A and B , both proteins can be co-localized with the fork position (insets (ii)) in the AFM images, which has PriA bound to the fork while SSB bound to the ssDNA region of the fork. Interestingly, we also identified complexes shown as insets (i) on both images in which SSB and PriA are well separated. On both substrates, SSB locations produce narrow distributions (histograms C and D in Fig. 3 ). However, positions of PriA in the SSB-PriA complexes assembled on both substrates are very broad ( Fig. 3E and D) . These data are in contrast with the data obtained from PriA-DNA complexes in the absence of SSB, which has narrow distribution on each histogram and the peak positions coincide with the location of the fork ( Fig. 2E and F) . We hypothesize that after remodeling, PriA is capable of binding to DNA duplex with spontaneous translocation over DNA duplexes.
The mapping of positions of proteins on the fork substrates in Fig. 4 , shows that there is no clear preference of the PriA position on both flanks of the forks for F3 forks. However, on fork F5, which has a gap in the lagging strand, remodeled PriA showed a preference of binding to the leading strand. These suggest that interaction of PriA with SSB changes the helicase conformation in such a way that PriA becomes capable of binding to DNA duplex. Note that in the absence of SSB, such change in DNA binding conformation of PriA has not been identified. Similar remodeling property of SSB effect was found for RecG protein by us (32) , and the translocation mobility of RecG has been proven by direct visualization of RecG mobility using time-lapse high-speed AFM approach (31) . It was hypothesized that remodeling of RecG by SSB allows RecG to translocate along the duplex strands in an ATP independent way, so that RecG can be recruited rapidly to accomplish its fork regression role (31, 32) . Recently the protein-protein interaction of SSB with partner protein has been reported for RecQ (40) (41) (42) and RecOR (43, 44) , suggesting that the remodeling of components of the DNA replication machinery is a common property of SSB. Remodeling of PriA by SSB in the absence of ATP increases the ability of PriA binding onto duplex DNA, which was detected as the isolated CTD activity (20) . Thereby, the binding and/or translocation of PriA along the duplex may stimulate the loading of PriA onto the stalled replication fork in an ATP-independent way, facilitating the restart process once the ATP is available for PriA helicase activity.
Studies showed that most of the interactions between SSB and its partner protein are mediated by the C-terminus of SSB (22, 45) . The Cterminal domain of SSB, corresponding to residues 117-178, can be sub-divided into the intrinsically disordered linker (aa 117-170) and the highlyconserved acidic tip (30) . The linker mediates protein-protein interactions while the acidic tip is required to maintain the structure of the C-terminus of SSB so that is does not bind to SSB itself (27) . Thus, when the tip is mutated or deleted, the Cterminus binds to SSB, thereby inactivating the protein. Consequently, SSB-partner interactions are lost. Experiments with the SSB∆C8 in which the acidic tip of SSB was removed showed that the yield for double-blob complexes dropped and these findings are in line with the effect C-terminus on remodeling of RecG (32) , suggesting that Cterminus plays an important role of the SSB remodeling property.
Protein-protein interactions in the colocalized SSB-PriA complexes
PriA interacts with SSB both in the absence and presence of fork DNA substrates. According to published data, the stimulation effect/localization activity of SSB-PriA interaction requires the excess of SSB over the helicase (14, 21, 22, 38) . In our experiments ( Fig.s 3A and B) , colocalized PriA-SSB complexes on DNA were detected at the molar SSB-to-PriA ratio of 1:2. Importantly, the concentration of PriA was 5 nM. The volume analysis of colocalized SSB and PriA complexes (Fig. 5 ) was clearly seen for F3 substrate from Peak 2 and the yield of such complexes was 24% compared with the single blob complexes (76%), which are corresponding to complexes with SSB binding only. Considering that the single-blob complexes count for 78% binding events in the mixture sample (with the rest of events being 7% of free DNA substrates and 15% of double-blob complexes), the overall binding yield of PriA-SSB on F3 DNA should be 24% * 78%, which is 18.7%. No such clearly identified peak appears for F5 substrate (Fig. 5B ), suggesting that the colocalization depends on the substrate type and is clearly higher for F3 substrate which is a better substrate for binding PriA only (Table 1 ). In this way, the interaction between SSB and PriA increased the binding of PriA to fork DNA substrates and improved the selectivity of PriA to a more favorable substrate. This suggests that SSB stimulation effect, as it is known on PriA helicase activity, also plays a role in the binding of PriA onto DNA substrates.
In addition to the protein-protein interaction found in protein-DNA complexes, the volume analysis of free protein (Fig. 5C ) revealed a minor peak (Peak 3), which has a larger volume than each protein itself, corresponding to the volume of the complex formed from SSB-PriA assembly. So, SSB-PriA interaction is independent of the existence of DNA or ATP. This property helps SSB locate or direct PriA to the place it is needed in a more efficient way.
Conclusions: Our AFM studies revealed several novel properties of interactions between PriA and stalled DNA replication forks, with or without SSB. In the absence of ATP, we observed that PriA binds preferentially to the forked DNA with a gap in the nascent leading strand, compared to the other forked DNA substrate which has a gap in the nascent lagging strand. Since PriA showed no clear preference towards the polarity of ssDNA in tail DNA substrates, it is the fork structure that plays a more essential role in PriA binding. The interactions between SSB and PriA revealed the remodeling of PriA by SSB, which loaded PriA onto the duplex DNA, and this property of SSB can be attributed to its C-terminal segment. It could be an ATP-independent translocation activity by which PriA slides along the DNA duplex and search for the site needed to get restarted.
Experimental procedures

Protein preparation
Purification of the PriA protein followed the method described previously (22) . The his-PriA protein was purified by ammonium sulfate precipitation followed by affinity chromatography using HisTrap FF crude column, SP Sepharose column (Equilibrated with 20 mM potassium phosphate, pH 7.6, 150 mM KCl, 0.1 mM EDTA, and 1 mM DTT; Eluted with a linear 150-500 mM KCl gradient) and Heparin column (Equilibrated with 20 mM Tris-OAc, pH 7.5, 0.1 mM EDTA, 1 mM DTT, 10% (v/v) Glycerol, and 100 mM KCl; Eluted with a linear KCl gradient of 100-600 mM). Fractions containing PriA were pooled and dialyzed overnight against storage buffer (20 mM Tris-HCl (pH 7.5), 1 mM DTT, 400 mM KCl, and 50% (v/v) glycerol). The PriA concentration was determined using extinction coefficient of 104,850 M −1 cm −1 (46) . SSB protein was purified from strain K12∆H1∆trp, as described in ref (25, 47) . The concentration of the purified protein was determined at 280 nm using ε = 30,000 M −1 cm −1 (46) .
DNA substrates preparation
Each tail DNA substrate (T3 or T5) was assembled from a duplex-DNA segment and a tail-DNA segment. The fork DNA substrates (F3 and F5) were assembled from two duplex-DNA segments and a core fork segment as described previously (31, 32) . The two duplex-DNA segments (224 bp segment and 356 bp segment) were precisely the same as the segments we had in ref (31, 32) . To assemble the tail-DNA segment for T3, the ssDNA oligonucleotides O42 (5'-TCATGACTCGCTGCGCAAGGCTAACAGCA TCACACACATTAACAATTCTAACATCTG-3') and O43 (5'-CCTTGCGCAGCGAGTCA-3') were phosphorylated, mixed in an equal molar ratio, and then annealed by heating to 95°C in the hot boiled water and then cooling down slowly to room temperature. The tail-DNA segment was then ligated with the 224bp duplex-DNA segment in the molar ratio of 1:1 to assemble the T3 DNA substrate. Similar to the assembly of T3 DNA substrate, the tail-DNA segment for T5 was annealed from the 5'-phosphorylated oligonucleotides O36 (5'-TACGTGTAGGAATTATATTAAAGAGAAAG TGAAACCCAAAGAATGAAAAAGAAGATGT TAGAATTGTAAGCGGTATCAGCTCACTCAT A-3') and O37 (5' GCTTATGAGTGAGCTGATACCGC-3') in the equal molar ratio and then was ligated together with the 356 bp duplex-DNA segment in 1:1 molar ratio to obtain the T5 DNA substrate. The core fork segment of F3 was assembled by annealing the 5'phosphorylated oligos in the same molar ratio (O30: 5'-TCATCTGCGTATTGGGCGCTCTTCCGCTTC CTATCT-3'; O31: 5'-TCGTTCGGCTGCGGCGAGCGGTATCAGCTC ACTCATA-3'; O32: 5'-GCTTATGAGTGAGCTGATACCGCTCGCCGC AGCCGAACGACCTTGCGCAGCGAGTCAGT GAGATAGGAAGCGGAAGAGCGCCCAATAC GCAGA-3' and O33: 5'-CACTGACTCGCTGCGCAAGGCTAACAGCA TCACACACATTAACAATTCTAACATCTGGG TTTTCATTCTTTGGGTTTCACTTTCTCCAC-3'). While the core fork segment of F5 was annealed from phosphorylated O30, O31, O32, and O34
(O34: 5'-CTAACAGCATCACACACATTAACAATTCTA ACATCTGGGTTTTCATTCTTTGGGTTTCACT TTCTCCACCACTGACTCGCTGCGCAAGG-3'), in the same molar ratio. The two duplexes and core fork segment were ligated together at the molar ratio of 1:1:1 at 16°C overnight. The final products were purified with HPLC using a TSKgel DNA-STAT column. All oligonucleotides were bought from IDT (Integrated DNA Technologies, Inc., Coralville, Iowa, USA).
Protein-DNA complex and AFM sample preparation
PriA-DNA complex was prepared by mixing the PriA monomer (molar concentration: 100 nM) with DNA substrates (molar concentration: 45 nM) in a molar ratio of 8:1. The mixture was incubated in 10 µl of binding buffer [10mM Tris-HCl (pH 7.5), 50 mM NaCl, 5 mM MgCl2, 1 mM DTT] for 10 min at room temperature. After incubation, the complex was then diluted to achieve lower DNA concentration (~1 nM), which was ready for deposition onto the APS functionalized mica.
SSB-PriA-DNA complex was prepared by mixing the proteins first: the SSB tetramer (molar concentration: 50 nM) was mixed with PriA monomer in a molar ratio of 1:2 and the mixture was kept on ice for 30 minutes before use. The mixture of proteins was added to fork DNA substrates in a 1:2:4 (DNA substrates: SSB: PriA) molar ratio and then incubated in 10 µl binding buffer for 10 min at room temperature. After incubation, the complex was then diluted to achieve lower DNA concentration (~1 nM) for AFM imaging using APS functionalized mica procedure.
1-(3-aminopropyl)
silatrane (APS) functionalized mica was used as the AFM substrate for all experiments (48) . Fresh cleaved mica was incubated in 4ml APS (167 µM) in a cuvette for 30 min and then was rinsed with ddH₂O thoroughly as described before (31, 32) . Ten microliters of the sample were deposited onto the APS functionalized mica for 2 min. After 2-minutes incubation, the mica was rinsed with ddH₂O, and then was dried with a gentle Argon-gas flow.
AFM imaging and data analysis
Images were acquired using tapping mode in the air on a MultiMode 8, Nanoscope V system (Bruker, Santa Barbara, CA) using TESPA probes (320 kHz nominal frequency and a 42 N/m spring constant) from the same vendor. The dry sample AFM images were analyzed using the FemtoScan Online software package (Advanced Technologies Center, Moscow, Russia). The positions of each protein were measured from the end of the shorter arm on the DNA substrates towards the center of the protein. The contour lengths of the DNA were then continuously measured from the center of the protein towards the other end of the DNA substrate. The yield of protein-DNA complexes was calculated from the number of complexes dividing by the total number of DNA molecules. The histograms were approximated with Gaussian distribution and the mean values and errors (SD and SEM) were calculated by using Origin software (OriginLab Corporation, Northampton, MA, USA). The protein height and volume were measured with the cross-section option. The volume was calculated by applying the measured data to the formula: V = 3.14 * H/6 * (0.75 * D₁ * D₂ * H²), in which D₁ and D₂ are the diameters of the protein, which were measured twice, and H is the highest height out of the two measurements of the protein (32, 49, 50) . The distribution was fitted with single-peak Gaussian and the peak was found to be centered at 97.1 ± 25.7 nm³. (D) Single-peak Gaussian fitted volume distribution for single-blobs on F5 DNA. The centered peak is approximated at 110.9 ± 30.7 nm³. (E) The volume distribution for free proteins in the sample of fork DNA substrates mixed with SSB∆C8 mutant and PriA. The histogram was fitted by Gaussian with a single peak centered at 48.6 ± 17 nm³.
